Introduction
Postoperative or posttraumatic morbidity and mortality in high-risk adult patients have been correlated with and may be precipitated by the magnitude and duration of the endocrine and metabolic response to the stressful event.
Specifically, complications such as severe weight loss, cardiopulmonary insufficiency, thromboembolic disorders, gastric stress ulcers, impaired immunologic function, prolonged convalescence, and death have been related to aspects of the hormonal and metabolic response to surgical or traumatic stress [86, 103] .
These hormonal and metabolic responses to stress in adults have been the subject of laboratory and clinical investigation for the past century, however similar responses in newborn infants are not as well documented. The aim of this paper is to review the available literature concerning hormonal and metabolic responses to stress in human neonates in order to present a concise, complete, and up-to-date compilation of current knowledge for all those caring for infants subjected to surgery and trauma. Metabolic complications or aberrations induced by stress may upset the delicate metabolic balance of a neonate already involved in the process of adaptation to its postnatal environment. In addition, the normal neonatal nutrient reserves are limited and the energy-consuming processes of rapid growth and maturation occur simultaneously with the additional demands produced by an operation. This difference is borne out by experimental data, which demonstrate a higher morbidity and mortality in neonates than in older children or adults subjected to similar procedures [108, 114] . For these reasons, knowledge of specific aspects of the neonatal stress response may be of greater importance in comparison to similar responses in the adult in an otherwise stable environment, and is imperative for those providing care to these infants.
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The endocrine response to surgery
Suits and Bottsford outlined a neuroendocrine reflex that is set in motion by significant stress; components of this reflex include an afferent arc consisting of stimuli that initiate the metabolic responses and an efferent arc that leads to volume restoration and energy-substrate production [138] . The sequence is initiated by surgical stress, which affects the neuroendocrine reflex directly through a neural signal to the CNS and indirectly through the elaboration of catecholamines, the major mediators of the hypermetabolic response, and adrenocorticoids, major augmentors of this response. Components of the afferent arc involved in such a system are nociceptors, chemoreceptors, and baroreceptors, all of which are capable of sending signals to the hypothalamus where they become integrated into the physiologic response seen in the stress state.
The efferent arc is described as originating in the hypothalamus, with efferent limbs traveling through the brain stem autonomic regions and the pituitary. These brain stem autonomic areas then send efferent fibers via the parasympathetic and sympathetic nervous systems to the periphery, affecting neuromuscular junctions in the circulatory system and receptors at end-organs, which stimulate the release of peripheral hormones. The pituitary response leads to increased adrenocorticotrophic hormone (ACTH), vasopressin (ADH), growth hormone, and prolactin release.
Neonates have well-developed neural pathways for pain; in fact, the density of nociceptive nerve endings in the skin of newborns is at least equivalent to that in adult skin. These receptors have been noted to be present throughout fetal cutaneous and mucosal surfaces by the 20th week of gestation [143] . Thus, the initial component of the proposed afferent arc develops early in fetal development and the capacity for initiating a stress response is present.
Endorphins
Endorphins have received attention for their role in initiating the adult postsurgical stress response [48, 35, 97] .
These substances may act through hypothalamic receptors to initiate a sympathetic nervous system response, resulting in catecholamine secretion [144] . Another of the major effects of the opioid substances liberated during the stress response may be to act as modulators of immune-responsiveness in the stress state. Experimental evidence using a variety of opioid compounds in in-vitro systems of lymphocyte and neutrophil function have demonstrated that either stress-mediated endogenous or exogenous opioids are capable of altering neutrophil and lymphocyte function, thus altering host immune defenses [46] .
The role of immunological mediators in posttraumatic stress responses was supported in a recent study by Michie et al., which demonstrated that infusion of the macrophagederived cytokine, tumor necrosis factor (TNF), was capable of initiating a significant stress response in otherwise healthy humans [100] . Hormonal alterations such as elevated ACTH and, subsequently, cortisol levels were marked and were attributed to TNF's ability to directly influence the release of pituitary hormone as well as stress hormones. TNF has been heralded by Beutler and Cerami as a general mediator of inflammatory and catabolic processes, capable of effecting stress responses from the hypothalamus and adrenal cortex [22] . The role of TNF in mediating the neonatal or adult response to the stresses induced by operation is unknown, but it is conceivable that this may be yet another important mediator in the postoperative response and that endogenous endorphins may modulate the response.
Increased beta-endorphin and ACTH levels have been documented in cord blood at the time of delivery, which clearly produces a significant physiological stress [12, 161] . These substances have been shown to be elevated in neonatal blood following periods of stress [75, 76] and in amniotic fluid during periods of fetal distress [65] . Altered beta-endorphin levels have also been demonstrated in neonatal septic shock and have been considered to play a significant role in this state [63] . Perioperative changes of endorphin levels in neonates have not been investigated.
PituitaJ 7 hormones
Anterior and posterior pituitary hormones including ACTH, growth hormone, and arginine ADH are liberated in the adult stress response [45, 64, 80, 106] . No perioperative data for neonates have been reported. Boix-Ocha et al., however, recently published a study examining the cortisol response to operative stress in neonates and the response to exogenously administered ACTH [24] . He demonstrated significant increases in cortisol levels following ACTH administration and noted that this response was similar to the cortisol increases noted in postoperative neonates, providing indirect evidence for a role of pituitary-derived ACTH in the response to operative stress by the neonate.
Catecholamines
Studies in adult patients have repeatedly documented substantial rises in serum epinephrine and norepinephrine levels in response to operative or traumatic stress [59, 71, 79, 150] . Many authors feel these substances are responsible for the initiation of the stress-related catabolic response. Studies investigating catecholamine responses in neonates are also numerous. Nakai and Yamada in 1978 studied catecholamine secretion in normal neonates and neonates subjected to the stress of birth asphyxia (Apgar 5-7) [105] . They demonstrated significant (approximately twofold) rises in epinephrine and norepinephrine levels after in a normal birth. In addition, a further significant increase in norepinephrine (twofold) was noted following asphyxial although no additional significant rise in epinephrine concentration was noted. They attributed these rises to responses by the adrenal medulla and sympathetic nervous system to the combined stresses of labor and asphyxia. They concluded that norepinephrine was the dominant amine secreted by fetal and neonatal chromaffin tissue during stress and postulated that the extramedullary chromaffin tissues (sympathetic nervous system) of the fetus play a significant role in this response.
Anand et al. have reported extensively on fetal metabolic and hormonal responses to operative stress and anesthetic management and have published several studies on the catecholamine response to surgery [7, 8, 9] . In 1985, they reported their studies on various metabolic and hormonal parameters in neonates undergogin surgery and correlated these findings with a quantitative measure of the amount of stress encountered in the form of a surgical stress score [8] . A highly significant increase in plasma epinephrine and norepinephrine concentrations was documented at the end of surgery.
A subsequent study again demonstrated significant increases in plasma epinephrine and norepinephrine concentrations by the end of an operation, but by 6 h postoperatively these levels had returned to preoperative values in both term and pre-term infants [7] . The pattern of change in norepinephrine levels was similar to that in adult patients, but the increases in epinephrine levels during surgery contrasted with the data available from adult subjects, in whom epinephrine levels may fall or remain unchanged during surgery and rise only during the postoperative period. These findings were confirmed in a study documenting a significant rise in plasma epinephrine concentrations during patient ductus arteriosus (PDA) ligation; however, this response was abolished by fentanyl anesthesia [9] .
In another study comparing anesthetic techniques with or without halothane, the most prominent difference in the hormonal responses between the halothane and nonhalothane groups was the changes in catecholamine concentrations during operation [10] . Neonates in the group that received unsupplemented nitrous oxide (without halothane) showed changes in epinephrine and norepinephrine concentrations that were two to three times greater than the changes seen in the group receiving halothane [10] . The ability to ablate these stress-related responses by either halothane or fentanyl anesthesia suggests that these reactions are initiated by nociceptive stimuli during surgery.
The metabolic effects of these hormonal changes are multiple. Epinephrine not only stimulates hepatic glucose production and causes a sustained decrease in peripheral glucose utilization, it also stimulates glucagon secretion and suppresses the release of insulin. Arteriovenous catheterization in adult patients has demonstrated that the release of epinephrine during surgery causes increased production of lactate and pyruvate through glycogenolysis in skeletal muscle [ 120] .
Pancreatic hormones
Of the numerous hormones secreted by the endocrine pancreas, glucagon and insulin have received the most attention with regard to postsurgical and posttraumatic metabolic regulation. Numerous studies have demonstrated correlations of levels of these hormones with serum glucose and epinephrine concentrations.
1.Insulin
In 1966, Ross demonstrated significant decreases in adult plasma insulin levels intraoperatively, with elevated levels in the postoperative period [104] . Curiously, these patients demonstrated decreased glucose tolerance in spite of their elevated insulin levels.
Anand and Aynsley-Green have examined the insulin response to operative stress extensively in human neonates and have documented no significant changes in the plasma insulin levels of pre-term neonates undergoing PDA ligation [5] . They did, however, note a significant decrease in the molar insulin/glucose ratio at the end of surgery that was due to significant increases in blood glucose. The total lack of insulin secretion in response to postsurgical hyperglycemia may be due to either a decreased responsiveness of beta cells in the premature pancreas, which has been documented previously, or a direct inhibition of insulin secretion by the epinephrine that is released during surgery [111, 115] .
In a subsequent study by this group, again no significant alteration in insulin levels was documented by the end of surgery in a group of neonates [7] . There were, however, significant elevations in insulin concentrations by 6, 12, and 24 h postoperatively in term neonates, similar to the adult response. Pre-term neonates, in contrast, had insulin levels that remained unchanged during the postoperative period. The authors again postulated that this may be due to decreased responsiveness of beta cells in the premature pancreas and "may explain the tendency of preterm neonates to develop a greater hyperglycemia than term neonates during and after surgery." The total lack of an insulin response in pre-term neonates may result not only in unopposed catabolism during the postoperative period, but through the development of greater hyperglycemia may also precipitate a rapid increase in plasma osmolality during surgery.
Support for the inhibitory effect of catecholamines on insulin secretion was provided in a 1987 study of pre-term infants undergoing PDA ligation with or without fentanyl [9] . The fentanyl-treated infants had a diminished catecholamine response and an increased insulin/glucagon ratio relative to the non-fentanyl group.
Glucagon
Numerous experimental studies in animals and in adult humans have demonstrated significant elevations in plasma glucagon concentrations in the postoperative period [21, 79, 121, 126, 159] . Experimentally, infusion of glucagon leads to an increase in glucose production that is potentiated by epinephrine infusion and sustained for prolonged periods by cortisol [51] . In addition, glucagon acts on skeletal muscle to cause amino acid mobilization, ultimately releasing three carbon amino acids (primarily alanine) that stimulate gluconeogenesis, increase urea production, replenish hepatic cell mass, and lead to the production of acute-phase reactant glycoproteins [163] .
Few comprehensive data exist regarding the role of glucagon in the postoperative stress response of neonates. Three studies from Anand et alo demonstrated no significant alteration in plasma gtucagon levels during or soon after surgery; however, by 24 h postoperatively a significant decrease from preoperative values had occurred in term neonates, in contrast to the above-mentioned adult studies where elevations were noted [130, 132, 156] . There were strong positive correlations between blood glucose and plasma glucagon levels at 6 h postoperatively. The significance of the difference in neonatal glucagon response is unknown. Anand et al. pointed out that they studied only a small (n = 7) number of patients and suggested that further confirmatory studies and examinations of the mechanism and implications of this decrease are needed [7] .
Adrenocortical hormones
Adrenocorticoids, initially considered to be the major mediators of the posttraumatic metabolic response, are currently thought to play a permissive or subsidiary role [ 159] .
The major contribution of glucocorticoids on postoperative metabolic changes may concern substrate production. Cortisol acts directly on adipose tissue to cause lipolysis and the release of free fatty acids (FFA) [159] . In addition, through mobilization of amino acids from skeletal muscle, stimulation of glucagon production, and augmentation of catecholamine-induced hepatic glycolysis, cortisol also influences the hyperglycemic state.
It is well established that glucocorticoid hormones, primarily cortisol, are crucial in the metabolic response to surgical stress in the adult, modulating the breakdown of proteins and leading to the release of gluconeogenic amino acids from skeletal muscle. Solomon et al. contributed a landmark article concerning steroid biosynthesis and metabolism in the fetus and placenta in 1959 [130] . Unfortunately, our understanding of the adrenocortical response to operative stress neonates has progressed little since these early studies. Anand et al. demonstrated that the adrenocortical responses of premature babies were characterized by diminished secretion of the final products of steroid biosynthesis and increased secretion o the precursor steroid hormones [9] . This was attributed to immaturity of the steroid biosynthetic process as outlined by Solomon et al.
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Cortisol
Circumcision is an operation frequently performed during the neonatal period. Physiologic as well as behavioral effects of circumcision have become the subject of numerous recent studies [69, 132, 141, 156, 157] . These studies have demonstrated that the neonate is capable of a significant cortisol response to the stress induced by circumcision as early as in the first 6 h of life. The fact that these data paralleled the response to exogenous ACTH administration by earlier investigators [74] led to the conclusion that the circumcision-induced response is likely secondary to endogenous ACTH production and that an intact hypothalamicpituitary axis does exist and is capable of generating a stress response in these young infants. The ability to block the cortisol response using the technique of dorsal nerve block suggests that the cortisol response noted with circumcision is mediated at least in part through afferent nerve pathways [90] .
A more detailed look at adrenocortical responses was outlined in a recent article by Boix-Ocha involving a 7-year study of infants and neonates undergoing operative or chemical (ACTH administration) stress [24] . A number of significant observations were noted: (1) neonates did not have the normal adult circadian cycle of plasma cortisol levels (this difference was postulated to be secondary to neuroendocrinological immaturity); (2) the cortisol response to surgical or biochemical (ACTH) stress was agedependent, with neonates mounting a quantitatively lesser response than infants; and (3) neonates less than 9 days of age had a more rapid response yet released significantly lower amounts of cortisol following surgical stress.
A number of interesting observations have thus been made and a few qualitative and quantitative differences between children and adults have been noted, indicating the need for further study in this area.
Aldosterone
In adult patients undergoing major surgical procedures, plasma aldosterone concentrations have been found to increase within minutes following surgery and to remain elevated for up to 24 h post-surgery [34] . Enquist et al. found that the aldosterone response to surgery could be inhibited by intravenous saline given during the surgical procedure [56] . These authors proposed that infusion of saline inhibits the renin release seen during surgery and thus decreases the aldosterone response.
No data regarding the aldosterone response in postoperative neonates were found in our review of the literature.
gery in adult patients resulted in a postoperative protein synthesis rate 209% higher than in controls [149] . The protein breakdown rate was 170% higher than in controls, and the net relative increase in synthesis to breakdown increased by 39%. They suggested that growth hormone administration could improve the efficiency of protein metabolism after surgery. In addition to the observation of diminished protein oxidation, these investigators demonstrated increased fat oxidation in patients receiving growth hormone, which is consistent with other studies that have documented the capacity of growth hormone to increase lipolysis and FFA oxidation [92] .
The growth hormone response to neonatal operative stress has received little attention, with only one study having recently demonstrated a postoperative rise in the level of growth hormone following open-heart surgery in infants [1021.
Renin-angiotensin system
Adult patients have been demonstrated to produce a threefold increase in plasma renin activity following surgery [119] . These changes in plasma renin activity have been found to be clearly correlated with blood pressure changes during surgery [15] . This appears to be a transient phenomenon, with a return to normal renin levels shortly after surgery [29] .
No studies detailing the plasma renin response to operative stress in newborns were discovered during our search of the literature; however, an increase has been observed to follow the stress of venipuncture in a group of full-term neonates [60] . A significant increase in plasma renin activity was noted within 5 min after venipuncture with a return to basal levels 60 min thereafter. These timings are somewhat difficult to interpret, as there were no significant changes in plasma levels of cortisol, epinephrine, or norepinephrine following venipuncture. As has been outlined in earlier sections, these hormones have been consistently demonstrated to be increased following operative stress in other newborn studies. It is possible that renin responses may be triggered by a degree of stress lower than the threshold required to induce the release of catecholamines or cortisol, although this seems unlikely. Certainly this area is ripe for further study.
Antidiuretic hormone 3. Growth hormone
Growth hormone release has been observed in adults subjected to operative stress, and the quantity released was proportional to the degree of stress [166] .
Ward et al., in a recent study, demonstrated that administration of growth hormone following gastrointestinal surNo data regarding the actual measurement of the ADH response in the stressed situation was found in either the adult or the pediatric literature. However, recent studies by Coran and Drongowsld measuring total body water and extracellular fluid volume in postoperative neonates suggest that water retention occurs in the early postoperative period in newborns [39] , and ADH has been postulated to be involved in this process.
Thyroid hormones
Finley and others have demonstrated that operative trauma results in a fall in adult serum active tri-iodothyronine and a rise in inactive tri-iodothyronine (reverse T3) levels [59, 27, 113] . No data specifically concerning changes in thyroid hormones in postoperative neonates are available.
In conclusion, the endocrine response of adult patients to operative and nonoperative trauma is characterized mainly by a substantial increase in circulating concentrations of the catabolic hormones and a decrease in plasma concentrations of the global anabolic hormone, insulin. The magnitude and duration of this response, particularly with respect to changes in the plasma concentrations of cortisol, catecholamines, glucagon, growth hormone, and ADH appears to be proportional to the extent o the surgical injury. In addition, changes in the blood concentrations of some of these hormones may be prolonged in patients with postoperative complications. It has been documented that these hormonal changes may have profound effects on metabolic homeostasis, circulatory hemodynamics, immunocompetence, renal homeostasis, and gastrointestinal physiology as well as having behavioral and psychological effects on patients undergoing surgery. The adjustments in fuel metabolism during and after stress resulting from these hormonal changes will be discussed in the following section.
The neonatal hormonal response to stress is much less well characterized, it is predominantly catabolic, with documented elevations of catecholamines and endorphins. The alterations in glucagon and insulin levels in neonates do not parallel the adult data. Cortisol responsiveness is also diminished in comparison with data from the adult literature, and this difference may be maturation-dependent. In short, there are many areas of the hormonal response to operative and nonoperative stress that have not been thoroughly investigated in the neonatal age group.
The metabolic response to surgery
Considerable data have accumulated characterizing the metabolic response of adults to surgery and trauma. A great deal less is known about the metabolic effects produced in neonates by major operative and nonoperative stress. Metabolic studies, even on normal infants, are few due to limitations caused by insensitive assays, difficulties inherent in conducting prolonged observations, and the limited amount of blood that can be withdrawn ethically. It is apparent that postoperative treatment would be greatly improved if a thorough understanding of the metabolic consequences of stress were achieved. The evidence suggests that neonates frequently respond to trauma and stress in a manner different from that of adults or older children.
Adult patients show an increase in oxygen consumption (VO2) after trauma or operation following a brief "ebb" period of depressed metabolic rate [42, 43] . In a study in postoperative neonates, Ito et al. demonstrated that the VO2 of a full-term, normally-fed, nonoperated neonate increases with advancing age until approximately the 2nd or 3rd week of life [82] . These einvestigators demonstrated that some postoperative newborns, predominantly those undergoing major abdominal operations, manifest a lower postoperative VO2 than would be expected for their age and size. They concluded that postoperative VO2 in neonates is better correlated with caloric intake than with the intensity of the operative stress, in striking contrast to the increased metabolic-rate findings in adults.
Carbohydrate metabolism
Adult postoperative changes in carbohydrate metabolism can be summarized as a significant hyperglycemic response both during and after surgery. This effect may be the result of both an increase in glucose production and a diminution in peripheral glucose utilization, with a relative decrease in insulin concentrations [3, 30, 93, 101, 120, 136, 150, 160, 167] .
Pioneering work early in this century by Benedict and Talbot, who monitored the respiratory quotients (RQ) of normal newborn babies, demonstrated that as much as 80% of the energy requirement is fulfilled by calories derived from fat [17] . This is interesting in light of the fact that carbohydrates provide the main source of energy in the fetus. However, soon after birth and even before feeding is started, a rapid fall in glycogen reserves has been shown [127] . In addition, blood glucose concentrations are also known to fall in the early postnatal period [40] . An increase in plasma FFA and ketone bodies has been shown to occur concurrent with these changes in glucose and glycogen, adding support to the importance of fat-derived calories in the newborn as he/she changes his/her major metabolic foodstuff [107, 110] .
Unfortunately, operations on neonates are frequently accompanied by periods of starvation that may be prolonged, especially if the gastrointestinal tract is involved. The advent of hyperalimentation has aided somewhat in altering this pattern Depot fat accounts for 10%-15% of the body weight of the normal human neonate, and, as stated above, this may provide the main source of energy during the period of starvation soon after birth [77, 151] .
Glucose
In 1968, intravenous glucose tolerance tests were performed on 14 newborn babies being operated upon for abnormalities of the alimentary tract [54] . The authors observed that 6 of these 14 infants had a greatly reduced tolerance to glucose administered by i.v. infusion. They noted a constant rate of glucose disappearance that was unrelated to the absolute glucose concentration, in contrast to data in older children and adults, whose rate of disappearance varies with the rate of administration. Elphick and Wilkinson postulated as explanations for these observations that: (1) babies may be less able than adults to form glycogen from glucose; (2) there may be temporary increased insulin dependence in the newborn; and (3) the uptake of glucose by the tissues may be reduced by high circulating concentrations of substances such as epinephrine and growth hormone. They concluded that the prolonged use of parenteral glucose solutions might in some cases lead to severe hyper-glycemia and that there is marked variability between infants in their capacity to handle infused glucose.
Elphick and Wilkinson also demonstrated a postoperative increase in blood glucose concentrations to approximately twice the preoperative levels in newborns, but noted that they returned to normal within i2 h [55] . This is in contrast to data from adult surgical patients, where blood, glucose levels may remain high for several days. These authors noted the similarity of their findings to those of Pinter [111] and proposed that the elevation in blood glucose noted in the postoperative period may be due to either increased production or decreased utilization of glucose or a combination of the two.
In evaluating starvation, a condition that is frequently linked with operative stress in newborns, Elphick and Wilkinson were unable to document hypoglycemia in normal-birth-weight infants starved for up to 1 week [55] . They postulated that the glucose-sparing action of FFA was responsible and suggested a relationship between maintenance of normal blood sugar during starvation and body fat stores.
The human fetus is dependent upon the mother for its glucose needs, and no glucose production has been demonstrated during intrauterine life [84] . There is, however, a potential for fetal gluconeogenesis: the presence of key gluconeogenic enzymes in fetal liver specimens has been documented [95] . In a study utilizing stable carbon isotopes, Kalahan et al. examined glucose turnover, systemic glucose production rate, and recycling of glucose carbon as an indicator of gluconeogenesis [85] in six normal newborn infants ranging in age from 2 h to 3 days. During the perinatal period, when the placental or maternal supply of substrate, including glucose, is abruptly interrupted, the newborn demonstrates a normal capacity for systemic glucose production in order to meet its metabolic needs. These studies, however, suggest that the source of the available glucose is chiefly from the process of glycogenolysis rather than gluconeogenesis. This predominant role of glycogenolysis over gluconeogenesis may be the result of the ready availability of sufficient glycogen stores due to the frequent feeding of neonates. It is not difficult to imagine that this system may be interfered with by the stresses placed on an infant by operation and interruption of dietary intake as well as by alterations in gastrointestinal function. Unfortunately, similar stable isotope studies to elucidate stress-induced changes in postoperative glucose heomeostatic mechanisms in neonates are nonexistent.
The available evidence in adult patients suggests that increased glucose production from the splanchnic tissues may contribute substantially to the hyperglycemic response to surgical stress. The studies showing altered glucose tolerance [54] , however, also suggest a role for decreased glucose utilization in this state. The hyperglycemic response is, in all likelihood, complex and multifactorial. Both the ability to utilize glucose in peripheral tissues in an impaired state and the mechanism of utilization may be altered with shifts in the balance of energy derived from aerobic and anaerobic metabolism.
Thus, although the precise mechanism of the hyperglycemic response is not clear, the clinical implications of significant hyperglycemia in a neonate are important. Significant changes in plasma osmolality can result from alterations in glucose levels. It has been documented in newborns that an increase in plasma osmolality of greater than 25 mosmol/kg over a period of 4 h can have profound detrimental effects on the renal cortex and cerebral cortex and may even precipitate intracranial hemorrhage [ 13, 58] .
Pyruvate, lactate, alanine
In addition to the marked postoperative hyperglycemia, a number of investigators have demonstrated increases in blood lactate and pyruvate concentrations in postoperative adult patients [20, 147] . Arteriovenous catheterization studies in adults have demonstrated that epinephrine release during surgery increases lactate and pyruvate production as a result of glycogen breakdown in peripheral tissues [120] . In addition, it is well known that injured tissues surrounding the surgical wound derive their energy mainly from glycolysis and that this may contribute to the increased lactate production after surgery [81, 160] .
Other factors involved in the increased lactate levels include tissue hypoperfusion and hypoxia during operation [160] . These changes may be related to anesthesia or may be secondary to hypotension as a result of excessive blood loss or altered circulatory patterns during surgery [31] .
In their 1987 study of the effects of fentanyl on postoperative metabolic changes in neonates, Anand et al. demonstrated increased in blood lactate and pyruvate concentrations during surgery in the non-fentanyl group but noted no similar changes in the fentanyl-treated patients [9] . Twenty-four hours postoperatively blood lactate and pyruvate values had fallen below preoperative levels in the non-fentanyl group of infants. Quantitative blood levels of total gluconeogenic substrates (measured as the sum of the blood concentrations of lactate, pyruvate, alanine, and glycerol) in the non-fentanyl group also increased substantially during surgery but fell by 24 h postoperatively. These changes in the postoperative period were attributed to utilization of these substrates for gluconeogenesis with excess glucose production in the non-fentanyl neonates. The differences between the fentanyl and non-fentanyl groups were postulated to be due to blunting of the stress-induced catecholamine response in the fentanyl group, with resultant diminution of catecholamine-induced postoperative changes.
An earlier study from Anand's group provides support for this concept [8] . Significant increases in blood concentrations of lactate, pyruvate, total ketone bodies (acetoacetate and hydroxybutyrate), and glycerol were noted during surgery in their experimental group, which consisted of both term and pre-term neonates. In this study the levels of blood lactate remained elevated until 12 h after surgery, whereas all other metabolites measured returned to preoperative levels by 6 h postoperatively. Levels of blood lactate showed a high degree of correlation with plasma epinephrine concentrations at the end of and 6 h after surgery. There was also a significant correlation between blood glycerol levels and plasma epinephrine and norepinephrine at the end of surgery. In summarizing their observations, these investigators suggested that the impor-313 tance of the changes noted in their study may be the provision of substrates for hepatic gluconeogenesis in the postoperative period. The significant hyperlactatemia noted during surgery in the premature infants was postulated to be due to deficiency of the key hepatic gluconeogenic enzymes, although separate studies by Kalahan et al. and Marsac et al. do not support this hypothesis [84, 95] .
It is conceivable that the greater degree of hyperlactatemia in pre-term neonates may be related to less rich glycogen stores in their sekeletal muscles in comparison with term neonates, with resultant increased dependence on glycogenolysis for substrate provision in the face of an immature gluconeogenic mechanism. However, the rise in blood lactate levels may also be due to tissue hypoxia caused by changes in the peripheral circulation during anesthesia and surgery.
The significance of serum concentrations of the gluconeogenic amino acid alanine in newborns is much less clear. Although alanine is known to be the key gluconeogenic amino acid in adults, some studies have documented hypoalaninemia in newborn infants receiving glucagon [57, 116] . This effect was postulated to be secondary to increased splanchnic utilization of alanine for glucagonstimulated gluconeogenesis. In a subsequent study of the relationships of neonatal plasma levels of alanine, glucagon, and insulin [44] , however, no correlation was observed between changes in alanine and glucose concentrations, further clouding the role of gluconeogenic substrates and the process of gluconeogenesis in the hyperglycemic response.
Protein metabolism
Acute malnutrition as a result of insufficient nutrient intake or the increased metabolic demands of illness or trauma leads to increased catabolism of muscle protein and a negative nitrogen balance. These changes, along with rapid utilization of energy substrate stores at a time when nutritional intake is often reduced, drastically affect the ability to heal wounds, combat infection, and have sufficient muscular strength to breathe adequately, all resulting in increased morbidity and mortality [137] . Even the wellnourished patient may experience periods of debility after the injury of major surgery, which may relate to the reduction of protein reserves and energy stores [33] .
Major operative stress in adult patients results in a negative nitrogen balance resulting from increased protein breakdown and decreased protein synthesis in extrahepatic tissues. In addition, there is increased utilization of amino acids for alternate purposes such as gluconeogenesis, synthesis of acute-phase reactants by the liver, and synthesis of components o the healing process in injured tissues. Patients experiencing trauma or sepsis have been demonstrated to have rapid onset of muscle wasting, protein depletion, and elevated urea excretion [41, 49] . The adult response to starvation is characterized by sacrifice of visceral protein to furnish amino acids as needed for gluconeogenesis and other purposes, whereas in stressful situations such as trauma or sepsis, muscle protein is degraded and the liver increases its protein content [ 122] . As important as this metabolic response may be to survival, prolonged mobilization of amino acids leads to devastating muscle weakness. Depletion of protein is also accompanied by deterioration of cellular structure, insufficient production of acute-phase reactants, and reduced synthesis of other necessary proteins. Under such conditions patients are prone to die from overwhelming infection culminating in multisystem faialure [98] .
The sick infant is particularly susceptible to the adverse metabolic effects that a major illness or surgical operation may impose. Perioperative protein metabolic and nutritional status must be given special consideration in this population due to the smaller body size, rapid growth, highly variable fluid requirements, and immaturity of certain organ systems. These factors, plus low caloric reserves in the premature infant and sick child, make adequate caloric and amino acid intake particularly important. Consequently, the infant whose nutritional needs are not met as a result of a functional or organic disorder of the gastrointestinal tract can rapidly develop protein-calorie malnutrition and associated complications [38] .
The most important clinical consequence of a catabolic stress reaction is felt to be increased protein breakdown after surgery [16] . The consequences, as outlined above, could be particularly deleterious in a postoperative neonate whose nutritional status is already tenuous.
Colleet al., in a 1959 study of postoperative infants, demonstrated urinary nitrogen losses of 200-300 mg/kg per day in contrast to 80 mg/kg in normal infants [36, 72] . These losses were, however, transient and not sustained.
In an elaborate study of muscle protein degradation in nonoperated premature infants, Ballard et al. examined correlations between energy input, nitrogen retention, weight gain, and subsequent survival [16] . They demonstrated that approximately 5% of total muscle protein was degraded daily. In addition, the total and fractional rates of protein breakdown showed significant reverse correlations with nitrogen retention but had no relationship to total energy input. Protein degradation was also higher in infants who died within 2 weeks of the study. It was unclear whether this increased degradation in preterminal infants was related to events that s.timulated muscle proteolysis, such as sepsis, or was due to the underlyhag nitrogen status of the patients [148] . The authors were unable to demonstrate any correlation between energy input in the premature infants and rates of muscle protein breakdown, in contrast to large increases in total muscle protein breakdown seen in rats subjected to total energy restriction and a slight decrease in muscle protein breakdown during longterm fasting in obese adult humans [94, 108] . They attempted to explain the differences between their results and those of other studies on the basis of the size of the fat reserves, since there is evidence that ketonemia produced by fat mobilization is accompanied by a lower rate of muscle protein breakdown. Since the premature infant clearly has very little adipose tissue, this may explain the difference [117] . The increased protein breakdown may result from a demand for amino acids that cannot be met simply by a decrease in protein synthesis.
The ratio of muscle protein degradation to total-body protein degradation was found to be 7%, in contrast to a value of 30% in adults. This difference was attributable to the very small pool of muscle protein in premature infants [142] . In addition, to account for the tissue sites of the remaining 93% of protein degradation in premature infants they postulated that organs that comprise greater relative ratios of neonatal body weight such as brain, liver, or skin may contribute significantly to total-body protein degradation, stating that this visceral protein catabolic response observed "is surely catastrophic if prolonged for any length of time, thus arguing forcibly that a substantial nitrogen supply to the premature infants should be maintained."
Duffy and Pencharz studied the effects of postoperative amino acid intake on urinary nitrogen losses and wholebody protein synthesis in 18 neonates [50] . They concluded that a nitrogen intake of about 450 mg/kg per day should meet the needs of a neonate in the immdiate postoperative period. This is higher than the data of Zlotkin suggest [169] . Duffy and Pencharz also documented an improved nitrogen balance (the relationship between nitrogen intake and nitrogen retention) in association with increased nitrogen intake. This improved balance was attributed to a reduction in the fraction of amino-nitrogen flux coming from the breakdown of endogenous protein.
They were unable to demonstrate any increase in skeletal muscle breakdown postoperatively in the infants studied by measuring urinary creatinine and 3-methyl histidine excretion. Finally, this group was able to show postoperative nitrogen accretion, even during the 3 days immediately post-surgery, but noted that nitrogen utilization may be partially impaired postoperatively, On the basis of these studies, they recommended a nitrogen intake of 450 mg/kg per day with a non-protein energy intake of 85-90 kcal/kg per day.
Winthrop et al., in a prospective evaluation of pediatric trauma patients, demonstrated significant increases in basal metabolic rate (BMR), whole-body protein turnover, protein synthesis, and urinary nitrogen excretion [162] . These patients had a negative nitrogen balance due to the fact that protein breakdown increased relatively more than protein synthesis. The increase in protein breakdown/turnover, synthesis, and nitrogen excretion greatly exceeded the increase noted in BMR (93%, 82%, and 56% vs. 14% increase in BMR) in these young (less tan 10 years old) post-trauma patients. They were unable to demonstrate a correlation between BMR and whole-body protein turnover, suggesting that changes in energy expenditure and protein metabolism following injury may be mediated by different mechanisms. They concluded that the metabolic response of pediatric patients to multiple trauma differs from that of adults and noted that pediatric trauma patients need not only increased caloric intake, but, more importantly, a significant increase in protein intake in order to optimize the balance between protein synthesis and breakdown. Thus, the differences from adults include a much smaller change in total energy expenditure in children and a lack of correlation between increased metabolic rate and whole-body protein turnover.
In addition to being indicators of increased proteolytic activity or altered protein metabolism, there may be a functional role for any alterations in plasma amino acid patterns following stress. For example, it has been suggested that arginine may have an immunoregulatory effect as well as promoting nitrogen retention and wound healing [17] . Arginine may be important because of its effects augmenting immune-responsiveness and diminishing protein catabolism [123, 129] ; it is also known to stimulate secretion of pituitary and pancreatic hormones [18, 104] . Any of these roles may be important in the postoperative stressed state, yet they have not been throughly investigated in postoperative newborns.
Studies of postoperative nitrogen balance in term neonates originate with Rickham in 1957. Since that time, several investigators have substantiated a strongly negative nitrogen balance in response to surgical stress and have demonstrated that this may persist for 72-96 h [36, 78, 91, 118, 152] . These studies have demonstrated that the severity of surgical stress correlates with the degree of nitrogen loss. In addition, it has been noted that postoperativ nitrogen loss is greater in the neonatal age group than in older infants subjected to similar degrees of surgical stress [68, 139] . In a recent study of neonates undergoing either major or minor operative procedures, a direct relationship was noted between the degree of stress and the quantity of nitrogen loss [67] .
In a recent study, different levels of amino acid intake were evaluated with regard to nitrogen retention, ratios of whole-body amino acid nitrogen flux, and protein synthesis and breakdown ratios in 18 infants during the 72 h immediately following surgery [50] . One group of intants received 2.3 +_0.4 g amino acid/kg per day and the other 3.9 +_ 0.5 g/kg per day. They showed no differences in amino acid flux or synthesis and breakdown of protein. However, the group receiving the higher amino acid intake had significantly greater net protein-synthesis ratios. The improved nitrogen utilization in this group was achieved principally by a reduction in endogenous protein breakdown. There were no differences between the two groups in urinary creatinine or 3-methyl histidine (3MH) excretion. Since these two parameters reflect skeletal muscle protein turnover, the differences between groups in nitrogen retention and protein turnover appear to be mediated by visceral protein sparing.
3MH serves as a marker for endogenous skeletal muscle actin and myosin breakdown. The 3MH: creatinine (3MH:Cr) ratio has been found to correlate closely with net nitrogen balance in pre-term and term neonates [4, 32, 83, 168] . Pre-term neonates stressed by severe clinical illnes causing a negative nitrogen balance and weight loss have demonstrated a maredly elevated 3MH:Cr ratio [125] . Additional studies in postoperative term [4] and pre-term [9] neonates have demonstrated a significant increase in the 3MH: Cr ratio and in nitrogen loss in the first 72 h after surgery [4] . Reduction of the surgical stress responses in pre-term and term neonates by altering anesthetic techniques such as halothane or fentanyl supplementation was found to inhibit these changes in urinary 3MH: Cr ratio [9, 11] .
From the adult studies outlined, it can be concluded that the negative nitrogen balance seen following moderate surgical stress is mainly due to a decrease in the rate of protein synthesis, while the rate of protein breakdown is unaltered or slightly increased. However, protein metabolism in patients exposed to severe degrees of surgery, trauma, or sepsis is characterized by a massive breakdown of tissue proteins, with protein synthesis rates being unaltered, decreased, or in some cases slightly increased.
It is in this latter group of critically ill patients that the therapeutic manipulation of protein metabolism may provide the greatest clinical benefit in terms of reduction of morbidity and mortality. The neonatal surgical data indicate a higher degree of muscle protein degradation than seen in adults, resulting in a strongly negative nitrogen balance in the postoperative period. It appears that the provision of adequate amounts of amino acids, either enterally or parenterally, is capable of at least partially ablating this degradation of endogenous protein.
Fat metabolism
In adult patients the postoperative state produces a catabolic response that, in addition to the already mentioned changes in carbohydrate and protein metabolism, also results in mobilization of non-essterified fatty acids (NEFA) from adipose tissues and increased formation of ketone bodies. These changes may be of prime importance in providing an endogenous energy source in the posttraumatic state.
Two decades ago, Allison et al. documented increased plasma concentrations of NEFA associated with decreased glucose tolerance in a group of patients suffering from bum injuries [1] . Subsequent studies in postoperative patients by the same group also demonstrated an increase in plasma NEFA [2] both preoperatively and intraoperatively. The preoperative increase was attributed to the catabolic stimulus provided by the emotional stress of anticipating an operation. An increase in NEFA following trauma was confirmed in 1974; the extent of the response correlated with the severity of the trauma [99] .
The importance of the contribution of fat to energy supply in a stressed state was illustrated by Kinney et al. in a 1970 study in which they demonstrated, by indirect calorimetry, that as much as 75%-90% of postoperative energy requirements were supplied by fat metabolism and the remainder was provided by protein [89] . it may be necessary for these NEFA to undergo conversion by the liver to ketone bodies prior to their utilization as an energy source [154] .
Lipolysis of stored triglycerides and control of adipocyte lipolysis are important in mobilization of lipids in the injured patient. Lipolysis in the adipocyte is carried out by the enzyme hormone-sensitive lipase (HSL) [135] . This enzyme complex (HSL) is affected by a number of other circuclating hormones, including catecholamines.
Wolfe, in a study of patients suffering from severe bum injury in which he utilized stable isotope tracers, demonstrated changes in the substrate cycle involving the simultaneous breakdown and synthesis of stored triglycerides (triglyceride-fatty acid cycle) [164] . The rates of triglyceride-fatty acid and glycolytic-gluconeogenic cycling were elevated in these patients by 450% and 250%, respectively. These investigators concluded that increased substrate cycling contributes to the increased thermogenesis and energy expenditure seen in severe bums and that increased triglyceride-fatty acid cycling is due to beta-adrenergic stimulation. Therefore, the increased metabolic rate observed may be secondary to increased substrate cycling and not solely to increased rates of protein synthesis [165] .
Because the stress response associated with surgery causes elevation of plasma NEFA and decreased insulin secretion, one would expect an increased production of ketone bodies in response to operative stress. However, several studies have shown that the levels range from no change or mild elevation to a substantial increase [37, 62, 87, 109] . It has been demonstrated that patients who remain normoketonemic after major surgery are likely to manifest increased nitrogen loss in comparison with patients who are hyperketonemic postoperatively [117] . Studies in trauma patients suggest that the lack of ketogenesis is due to postinjury ADH release, the degree of which is directly proportional to the severity of injury [154, 158] . Therefore, ADH may exacerbate protein catabolism and muscle wasting by suppressing ketogenesis in patients subjected to severe trauma, major surgical stress, or sepsis.
In the human baby, depot fat accounts for 10%-15% of body weight [151] . From metabolic balance data, Hughes et al. calculated that only about 8% of body protein was catabolized when a 3-kg neonate was starved for 12 days, yet 39% of the baby's fat was used up [77] . Glycerol released from adipose tissue during lipolysis could be a source for supplementation or maintenance of blood glucose levels.
Anand et al. demonstrated an increase in blood levels of total ketone bodies and glycerol during surgery in neonates [8] . They believed this increase was a reflection of catecholamine-stimulated lipolysis and ketogenesis. They noted a strong correlation between serum levels of glycerol, epinephrine, and norepinephrine at the end of an operation. In addition to their sue as an energy source, they postulated that the ketone bodies in peripheral tissues, through formation of citrate and inhibition of phosphofructokinase, may also further inhibit peripheral utilization of glucose and contribute to the postoperative hyperglycemia seen in neonates [5, 155] . In a study of the effectiveness of improved anesthetic management with the use of halothane, this group demolastrated that concentrations of ketone bodies increased during surgery in the group not receiving halothane but were unchanged in the group receiving halothane, with a significant difference at the end of the operation [11] . Plasma concentrations of NEFA were significantly higher in the group not receiving halothane than in the other group at the end of and 6 h after operation. These responses indicate a greater degree of lipolysis, probably mediated by release of catecholamines and facilitated by the decrease in the ratio of insulin to glucagon during surgery, in the group that did not receive halothane. In addition, halothane supresses the catecholamine response, which results in decreased lipolysis and decreased formation of NEFA.
Anand et al. postulate that the primary sources of energy in the surgical neonate are provided by mobilization of NEFA from adipose tissue and their conversion to ketone bodies in liver cells. Fat metabolism in surgical neonates and infants has, however, received little study. Pinter reported a substantial increase in plasma NEFA during surgery with a further significant increase postoperatively, whereas Elphick and Wilkinson found to significant changes in the perioperative period [39, 55, 111] . In the latter study a decrease in plasma triglycerides was documented postoperatively, whereas the plasma concentrations of lipoproteins, phospholipids, and cholesterol were unchanged during and after surgery. These responses could be at least partially altered by starvation since the neonates in both the above studies received no nutritional support for variable periods before and during the study. Recent studies in term neonates have shown that circulating concentrations of NEFA, glycerol, and total ketone bodies increased significantly during surgery but had reverted to preoperative values by 6 h postoperatively [8] . The significant increase in FFA, glycerol, and total ketone bodies during surgery is indicative of lipolysis and ketogenesis mediated by intraoperative catecholamine release, as evidenced by the strong correlation between blood glycerol concentrations and plasma epinephrine and norepinephrine levels at the end of surgery. An earlier study in older infants undergoing inguinal herniorrhaphy documented a significant increase in plasma NEFA during surgery and concluded that this was indicative of lipolysis in response to the stress induced by surgery [140] .
In addition to serving as an energy source, studies of glycerol turnover in newborn infants have shown that 75% of the glycerol formed from lipolysis enters the gluconeogenic pathway in the neonatal liver and contributes to 5% of hepatic glucose production [25] . The oxidation of FFA by the neonatal liver may further stimulate postoperative gluconeogenesis through the generation of ATP, the production of acetyl-CoA, which activates pyruvate carboxylase, and the provision of reducing equivalents for glyceraldehyde-3-phosphate dehydrogenase [ 153] .
In a study of PDA ligation in term and pre-term infants, there was a significant rise in blood levels of lactate, pyruvate, total ketone bodies, and glycerol by the end of the operative procedures, but by 6 h postoperatively all these metabolites had reverted to their preoperative levels [5] .
In nonoperated newborn babies who have not yet been fed, the respiratory quotinent and blood glucose level fall while the serum concentration of FFA rises, indicating a rapid change from carbohydrate to fat metabolism soon after birth [54] . In addition, liver and muscle glycogen reserves are reduced and the rate of disappearance of glucose administered by i. v. infusion is decreased [14, 26, 40, 73, 128] . It also appears that protein is less easily utilized for energy purposes during starvation at this time [70, 96] . All these findings indicate that fat, rather than protein or carbohydrate, is being used for energy production in the newborn.
Pinter, in a study of 29 newborns being operated upon for congenital anomalies, described their metabolic characteristics between the 1 st and 7th postoperative day [ 112] . In these investigations, a decreased FFA level was observed between the 2nd and 7th days whereas during the operation and on the 1 st postoperative day a well-defined increase in FFA level took place that might have been caused by the response to the anesthetic and surgery (increased release of catecholamines and steroids, metabolic effects of anesthetics, hypoxia, hypothermia, acidosis, etc.). Although the FFA level showed a tendency to decrease postoperatively, it still remained higher than the preoperative value. This pattern of fat metabolism can be explained by two facts: (1) in the postoperative period the complex hormonal and metabolic changes evoked by surgery are returning to preoperative levels; and (2) the state of hypoalimentation. These combined hormonal and metabolic processes, which are also typical of the adaptation to extrauterine life, explain why it is difficult to find a reciprocal relationship between glucose and FFA metabolism [47, 115] . Elphick also failed to demonstrate a relationship between glucose and FFA levels in newborn infants following surgery [53] .
Studies in adults have indicated that the concentration of circulating FFA varies in response to surgical stress [146] . Talbert et al's study examined infants undergoing bilateral inguinal hernia repair [140] . Eleven of 13 patients demonstrated a significant elevation in FFA levels following surgery. The plasma FFA have been identified as the major metabolite from the mobilization of body adipose tissue/depot fat to be used as an energy source [47, 66] . The hydrolysis of triglycerides is the major biochemical reaction in fat stores for the production of energy precursors. Mobilization of fatty acids is mediated by three central mechanisms: metabolic, hormonal, and neural [134] . Under conditions of starvation a net release of FFA from the peripheral fat depots is observed. Various hormones have been demonstrated to be active in the regulation of fatty acid mobilization [145] ; among the most important of these hormonal regulators are the catecholamines, which are potent stimulants of FFA mobilization [133] . concomitant increases in the rate of glycerol production verify the fact that elevations in plasma FFA are due to an absolute increase in the rate of hydrolysis of triglycerides. The importance of the innervation of fat stores in facilitating FFA mobilization has been verified by experiments with innervated and denervated tissues [134] . The sympathetic nervous system is a critical component of this process. Since norepinephrine is the chemical mediator at the postganglionic sympathetic nerve ending, the final mechanism of action may be similar to that observed following the parenteral administration of this compound. The importance of this system as a mechanism for mobilizing FFA has been documented in adults during emotional stress [23] . It is evident that circulating levels of FFA are regulated by a variety of factors, many of which also participate in the infant's response to stress. The importance of this composite action is suggested in Talbert's experiments, in which he demonstrated an increase in plasma FFA in the absence of a discernible increase in circulating catecholamines. Previous investigators have found an elevation of FFA in adults following cholecystectomy and inguinal herniorrhaphy [146] . These results substantiate the sensitivity of FFA mobilization to the stimulus of surgical trauma and suggest the usefulness of the plasma FFA level as an index of the infant's stress response.
In addition to the outlined mobilization of body fat stores, renewal of these stores has been suggested. Winthrop et al. showed that body fat increased postoperatively from day 0 to day 7 from 12.9-0.6% to 14-0.6% (P <0.05) in 13 full-term infants undergoing surgery at approximately 10 days of life [162] . Although this is a small but statistically significant increase in body fat, the magnitude of the change falls within the range of experimental error for anthropometry. In this study fat accounted for almost 60% of the new solid tissue synthesiszed, which is in agreement with Fomon et al.'s figure of 56.6% [61] .
Conclusions
It is apparent that adult patients demonstrate a catabolic response to the stresses induced by operative or accidental trauma. It seems that the degree of this catabolic response may be quantitatively related to the extent of the trauma or the magnitude of associated complications such as infection. The host response to infection, traumatic injury, or major operative stress is characterized by such events as fever, pituitary and stress hormone elaboration, mineral redistribution, and increased acute-phase protein synthesis [21] .
The beneficial effects of this stress response consist in providing alternate energy sources to meet metabolic demands and essential building blocks for synthetic activities occuring in the postoperative period. It has been suggested that the hyperglycemic response is essential for supplying the increased glucose requirements of injured tissue [81] . In addition, the proteolytic component of the stress response provides the necessary amino acid elements for reparative protein synthesis and production of acutephase reactants by the liver. The changes in metabolic patterns induced by the stress response are satisfied in part by increased lipolysis and ketogenesis to provide an alternate source of metabolic fuel for tissues such as the brain and skeletal muscle. Additionally, the observed gluconeogenesis may aid in maintaining the glucose supply for vital organs principally dependent on glucose [52, 160] .
This metabolic response has also been shown to potentiate many adverse conditions in the postoperative period and to further exacerbate the stress response. Examples include a hypermetabolic state with attendant increased VO2, increased energy requirements, increased temperature, elevated cardiac output, and altered or impaired inflammatory or immune-responsiveness. Numerous investigators have demonstrated that adult patients exposed to severe degrees of traumatic stress are subjected to greatly increased rates of complications such as cardiac or pulmonary insufficiency, myocardial infarction, impaired hepatic and/or renal function, gastric stress ulcers, and sepsis. Furthermore, evidence exists to suggest that this response may be life-threatening if the induced catabolic activity remains excessive or unchecked for a prolonged period. Moyer et al. were able to identify with a great degree of certainty the patients who were likely to die based on a single analysis of a variety of plasma-borne substrates obtained up to 9 days prior to death [103] .
It is apparent that modulating or blunting the catabolic response induced by the stress state may have beneficial effects. In studies of postoperative pain management, improved pain control resulted in reduction of postoperative nitrogen loss and shortened periods of convalescence following operation [28, 88] .
It is evident from this review that human newborns, even those born prematurely, are capable of mounting an endocrine and metabolic response to operative stress. Unfortunately, many of the areas for which a relatively wellcharacterized response exists in adults are poorly documented in neonates. As is the case in adults, the response seems to be primarily catabolic in nature because the combined hormonal changes include an increased release of catabolic hormones such as catecholamines, glucagon, and corticosteroids coupled with suppression of and peripheral resistance to the effects of the primary anabolic hormone, insulin.
The catecholamines may be the agents of primary importance in this response, and thus may modulate the remaining components of the hormonal response to stress as well as the metabolic changes, including inhibition of insulin release, marked hyperglycemia, and breakdown of the neonate's stores of nutrients (carbohydrate, protein, and fat). These reactions ultimately result in the release of glucose, NEFA, ketone bodies, and amino acids. Although these metabolic by-products are necessary to meet the body's altered energy needs in a time of increased metabolic demands, it is not difficult to imagine that a severe or prolonged response would be very detrimental to a previously ill neonate with limited reserves of nutrients and already high metabolic demands imposed by rapid growth, organ maturation, and adaptation to the postnatal environment. Preliminary investigations by Anand et al. outlined in this review indicate that alterations in anesthetic technique with the addition of agents such as halothane and fentanyl may be able to significantly blunt this catabolic response. In addition, it appears that modulation of the immune response may also greatly affect the postoperative catabolic response. It is hopeful that future developments and the acquisition of more detailed knowledge o the response will allow us to modify the stress response in neonates in order to further decrease their mortality and morbidity.
